In this study, the influence of dielectric barrier discharges at atmospheric pressure on maple sapwood was analyzed. Three common discharge types, a coplanar surface barrier discharge (CSBD), a direct dielectric barrier discharge and a jet discharge/remote plasma, were realized by the same electrodes and power supply. In general, plasma treatments are known to modify various surface properties leading to improved adhesion. For resins such as urea formaldehyde, the curing behavior is dependent on the pH. Therefore, the change of the surface pH value of maple is measured. As the main product of plasma-generated nitrogen oxides, the nitrate concentrations and consequently the nitric acid concentrations of the surfaces were determined. A significant pH reduction from about pH 5.6 to pH 4.6 was reached after a 30 s plasma treatment. An increase in the nitrate concentration over the plasma treatment duration was measured for all three discharges with a maximum of 6.6 mg/L for the CSBD, which corresponds to a concentration of 8.25 mg per m 2 wooden surface.
Introduction
Wood is a traditional and continuously important material which has a comparatively low cost, a renewable and sustainable production, and a balanced relation of weight and mechanical strength (Risbrudt 2005) . Further advantages of natural wood are the simple processing and low expansion due to thermal changes (Weatherwax and Stamm 1956 ). However, wood has also negative properties like low dimensional stability due to moisture content changes (Stamm 1964) , changes in appearance due to weathering (Williams 2005; Evans 2009 ) and partially low resistance against fungi and insects (Ibach 2005) . Objectives of the research are to minimize the negative properties of natural wood to give wood a wide field of applications. Therefore, solid wood is either coated by different coating systems (Hill 2006; Kielmann and Mai 2016) , thermally and chemically modified, or wood-based panels are produced from wood chips, veneers or fibers. Wood-based panels have an increased dimensional stability, reduced anisotropy and higher homogeneity compared to solid wood (Dunky and Niemz 2002) . In the wood-based panel industry, mainly formaldehyde-based resins (urea-, phenol-and melamine-formaldehyde resins) and isocyanates are applied (Stamm et al. 1962; Dunky 1998; Papadopoulos et al. 2002; Franke et al. 2016) . The weak point of the system (coated solid wood and wood-based panels) is the adhesive strength, which is defined as the ability to hold two materials together under a given set of conditions (Frihart 2006) . The adhesive strength is influenced by various factors like wood surface roughness, wood surface energy, flow of the adhesive across and into the wood pores/wood cell walls, adhesive viscosity and processing pressure. Further factors are the composition of the material with regard to the extractives and the functional groups on the surface as well as the pH value of the wood surface (Cheng and Sun 2006; Frihart 2006) . Plasma treatment of wood is known to lower the water contact angle and increase the wettability, surface free energy and the adhesion strength (Podgorski et al. 2000; Aydin and Demirkir 2010; Busnel et al. 2010; Acda et al. 2012; Viöl et al. 2013; Wascher et al. 2014a, b; Prégent et al. 2015a, b; Altgen et al. 2016; Hünnekens et al. 2016; Peters et al. 2017) . During plasma treatment, radical species are placed on the surfaces (Hardy et al. 2015) and can replace or increase the effect of sanding (Evans et al. 2007; Wolkenhauer et al. 2009; Prégent et al. 2015b) .
The influence of the pH is shown in studies like for example Johns and Niazi (1980) where the dependence of the urea formaldehyde resin gelation time on the pH value and the buffering capacity of wood is determined.
A pH reduction after a plasma treatment was measured using a surface pH electrode (Odrášková et al. 2008; Helmke et al. 2009; Wascher et al. 2014b ). However, the increased wettability of wooden surfaces leads to absorption of test liquid into the material after plasma treatments, which causes a systematical error of measurements with pH surface electrodes. Therefore, this study compares soaking and rinsing sample preparations.
The field of wooden-surface plasma treatment at atmospheric pressure is dominated by dielectric barrier discharges due to the low thermal impact. The dielectric barrier discharges are mainly used in the setups as direct volume barrier discharge (Topala and Dumitrascu 2007; Acda et al. 2012; Altgen et al. 2016; Avramidis et al. 2016; Hünnekens et al. 2016; Peters et al. 2017) , coplanar surface barrier discharge (Odrášková et al. 2008; Černák et al. 2009 ) and remote plasma (Busnel et al. 2010; Riedl et al. 2014; Hardy et al. 2015; Prégent et al. 2015a) .
In this study, the influence of atmospheric-pressure plasma treatment on chemical properties such as pH value and the nitrate concentration was measured on maple as a wooden material with a homogenous structure and a relatively low extractive content. The extractives can be transported toward the surface by a plasma treatment and decrease the wettability (Evans et al. 2007) , so that higher energies are needed. The influences of three dielectric barrier discharges-a direct dielectric barrier discharge (DDBD), a coplanar surface barrier discharge (CSBD) and a remote plasma (RP)-are compared. All three discharges are based on the same electrodes and power supply and adjusted to the same power to minimize the influence of different powers, although the influence of different power densities still exists.
Materials and methods

Setup
For the plasma treatment of wood, plasma sources based on the principal of the dielectric barrier discharge (DBD) were used. All three experimental setups were based on the same electrodes consisting of 250-mm-long ceramic (Al 2 O 3 ) square tubes of 2.5 mm thickness, filled with bronze and air cooling. For the CSBD (Fig. 1) , the first electrode was connected to the high voltage and the second electrode was grounded. The distance between the electrodes was 15 mm, including an additional glass barrier of 3 mm. The discharge gap toward the sample was 0.5 mm. In contrast to other CSBD with a completely filled gap, the gap of this CSBD contains air and an additional glass barrier as dielectric material. The RP (Fig. 2) was configured in the same electrical manner but without an additional glass barrier and with gaps of 2 mm between the electrodes as well as between the electrodes and the sample. For the DDBD (Fig. 3) , distances were the same as for the RP. The DDBD differed from the RP in that both tubular electrodes were contacted to the high voltage and a grounded aluminum electrode, covered by 4 mm glass, was below the samples.
For all three setups, the same power supply was used. The power supply was pulsed with a frequency of 15 kHz with alternating voltage pulses of 27 µs duration. For neglecting the thermal impact (surface temperatures after 30 s plasma treatment below 320 K, see Table 1 ) and the possibility of stationary filaments, 1 s of plasma treatment was followed by a pause of 1 s. As process gas, 120 L/min dried compressed air with a constant amount of humidity (less than 6.5%) was used.
A physical characterization of the three filamentary dielectric barrier discharges at atmospheric pressure is shown in Peters et al. (2017) ; a summary of the relevant data is in Table 1 .
Materials
Solid sapwood of maple (Acer spec.) with a mass density of (633.6 ± 3.7) kg m −3 was cut into pieces of (80 × 50 × 4) mm 3 . The tests were performed on the radial surface.
Prior to testing, the samples were stored in a climate chamber at 20 °C/65% RH for 2 weeks.
Plasma treatment and sample preparation
For the measurements, extracts of the whole wood surfaces (80 × 50) mm 2 were created by rinsing or soaking the surface with 5 ml low-level ionic strength adjuster (ISA) solution. The low-level ISA solution for nitrate determinations Hünnekens et al. (2016) , b picture of the discharge (Peters et al. 2017) consists of 20% ISA solution Nitrate (Mettler-Toledo GmbH, Gießen, Germany) and 80% deionized water.
The soaking times were 10 and 60 s. For the rinsing method, the surfaces were rinsed repeatedly three times with the same 5 ml low-level ISA solution. In this way, three methods of sample preparation were compared.
The plasma treatment time was chosen as in Peters et al. (2017) : 0 s as reference, 1, 5, 10 and 30 s.
For each discharge type, three samples per plasma treatment time and sample preparation were tested. Hünnekens et al. (2016) , b picture of the discharge (Peters et al. 2017) 1 3
pH-and nitrate measurements
The pH of the extracts was measured with a pH-sensitive electrode, InLab Water Go (Mettler-Toledo GmbH, Gießen, Germany). The nitrate concentrations of the same extracts were determined with an ion selective nitrate electrode, perfectION comb NO3 (Mettler-Toledo GmbH, Gießen, Germany) with a detection limit of 0.1 mg/L. For nitrate measurements, the low-level calibration was performed according to the manufacturer's manual. Before each measuring sequence, the pH electrode was calibrated using a pH 4.0 and pH 7.0 standard buffer solution. 
Titration
For the titration, maple samples with the dimension of (250 × 50 × 4) mm 3 were soaked in or rinsed off with 15 ml deionized water. The resulting extracts of two samples were combined. Two 10 ml samples were titrated to determine either the acid or the alkaline buffer capacity. For the titration, 5 mM HCl and NaOH in deionized water were used. The values are the mean of two titrations. HCl and NaOH solutions were added in steps until a pH of 3 or 7 was exceeded (according to Johns and Niazi 1980). The acid equivalent, also called acid buffering capacity, is defined as the amount of NaOH solution required to raise the pH to pH of 7.0 per volume. Consequently, alkaline equivalent or alkaline buffering is the amount of HCl solution necessary to reach the pH 3.0 per volume. The total buffering capacity is the sum of both buffering capacities.
An additional titration was done for the 60-s soaking extracts of the 30 s plasmatreated wood samples in low-level ISA solution. For that, the three extracts for each discharge type were combined and aliquots of 5 ml were used.
Statistical analysis
All data are given as mean ± standard deviation calculated from at least three independent sample treatments unless noted otherwise. Statistical analyses were performed with IBM SPSS Statistics version 24 (IBM, Armonk, USA).
Differences between data groups were evaluated according to the three betweensubjects factors discharge type, extract type and treatment time, using a multivariate analysis based on generalized linear models. For paired post hoc tests with a significance level of α = 0.05, the Tukey correction of p values was employed. The influence of all three between-subjects factors on nitrate concentration and pH was determined to be statistically significant. In general, apart from 1 s plasma treatments, all changes in pH and nitrate were significant compared to reference samples.
Results and discussion
The pH changes dependent on treatment time are shown in Fig. 4 for CSBD, in Fig. 5 for DDBD, and in Fig. 6 for RP. For all three discharges, the initial pH value of about 5.6 was in the same range as presented in Johns and Niazi (1980) and is reduced asymptotically by 0.4-1.0 after 30 s of plasma treatment. The method of sample preparation (rinsed, 10-or 60-s soaking) also influences the size of the effect. The 60-s soaking method shows the smallest change of pH, while the pH of rinsed samples decreases the most.
The acid which is most likely to be responsible for the pH decrease is nitric acid (HNO 3 ) (Dorai and Kushner 2003) . As shown in Fig. 7 , nitric acid can be formed by various reactions of nitric oxide and nitrogen oxide, which are common species in plasma discharges (Stefanovic et al. 2001; Kogelschatz 2003; Peters et al. 2016) . The process gas is compressed dried air, thus the source for humidity can be the surrounding air and the moisture of the maple samples.
To verify the generation of nitric acid, nitrate concentrations of the samples were analyzed. The amount of nitrogen in wooden material is less than 0.2 wt% (Keller and Nussbaumer 1993) . Thus, the error by nitrate originating from the wood is expected to be negligible.
For the references (0 s), nitrate concentrations of less than 1 mg/L were measured. The plasma treatment increased the nitrate concentrations by 1-6 mg/L (Figs. 8, 9 , This relation between nitrate concentration and extract type is the opposite of that for the pH change.
Thus, the sample preparation seems to have a significant influence on the measured pH and the nitrate concentration. While the pH value decreases less with a longer sample soaking time, the nitrate concentration increases. A possibility for observing a smaller pH change together with higher nitrate concentrations is the dissolution of pH-buffering substances from the wood. For this reason, the acid and alkaline buffer capacities for samples without plasma treatment, prepared with deionized water, were measured. The resulting data are shown in Table 2 . As expected, it is lowest for deionized water used as reference and highest for the 60-s soaking samples. Thus, the increased buffer capacity for the 60-s soaking samples explains the lower effect of the nitrate concentration on the pH.
To determine the differences between the discharge types, the mean of the different extract types was calculated. The means showed nearly the same pH for CSBD and DDBD, but a difference in the nitrate concentration. So, the relation between the measured nitrate concentrations and the pH is shown in Fig. 11 . The fits show a difference, especially between the CSBD and the RP. Therefore, the buffering capacity was measured for the plasma-treated samples.
The acid buffering capacity determined for the 60-s soaking extracts of untreated and plasma-treated wood samples (Table 3) shows a difference for Fig. 7 Overview of chemical reactions inside an air plasma to produce HNO 3 , starting with the dissociation of nitrogen, oxygen and water via nitric oxide and nitrogen dioxide to nitric and nitrous acid (Dorai and Kushner 2003; Manion et al. 2017) CSBD and DDBD. While the acid buffering capacity for CSBD-treated extract is roughly the same as for the untreated one and the RP-treated sample, the acid buffering capacity for the extract of the DDBD treatment is markedly lower. This divergence can explain the same pH change with lower nitrate concentrations. The buffering capacity is caused by weak acids, such as acetic acid (RisholmSundman et al. 1998) , originating from the wood. A degradation of these weak acids is plausible for the DDBD due to the depth effect and direct electron bombardment (Meiners et al. 2012; Wascher et al. 2014b ). The RP shows only half the pH reduction seen for CSBD and DDBD and about half of the CSBD nitrate concentrations. This is consistent with the same acid buffering capacity for CSBD and RP. Differences between the presented discharge types in surface power density, discharge volume power density and the gas temperatures (see Table 1 ) as well as the remote character of the RP lead to changes in the nitric acid production. Dorai and Kushner (2003) showed simulations of densities of gas phase species depending on the energy deposition and gas temperature, especially for the production of HNO 3 . Although the simulated range of energy deposition is much lower than the energies applied by the three discharge types in this study, the tendency can be applied. The energies per discharge volume for the CSBD, DDBD and RP are related as follows: (E∕V) CSBD ≈ 3(E∕V) RP ≈ 8(E∕V) DDBD . Dorai and Kushner (2003) showed an increase in the HNO 3 density from 3 to 14 × 10 15 cm −3 for a range of the energy deposition from 1250 to 3750 J/L. This rate could not be measured for the presented discharges. Nevertheless, the difference in nitrate concentrations for CSBD and DDBD might be explained by this behavior. Also the influence of the setups and the energies on the production of nitrogen oxides has to be investigated separately. The lower concentration for the RP results from the remote character and the consequently lower density of plasma species on the surface.
Conclusion
The plasma treatment of all three discharges leads to a significant reduction in the pH of wooden surfaces. On maple, reductions of up to 1.0 are possible depending on the discharge type and the amount of buffer dissolved. In general, the pH of wooden surfaces is lowered by air plasma treatment and has to be taken into account for adhesion processes with plasma pretreatment. The comparison of the three discharges showed the same pH change for CSBD and DDBD and half of the change for RP. The pH reduction results from plasmagenerated acid, mainly nitric acid. Nitrate concentrations up to 6.6 mg/L, were measured. This corresponds to a nitrate deposition of 8.25 mg per m 2 wooden surface. For DDBD, a reduction in the acid buffering capacity is shown. The depth effect and electron bombardment are likely to be responsible for this degradation.
